Tanger Wind Farm Summary of Site Verification Study by Rogalska, Aleksandra








































































































The	 purpose	 of	 this	 study	was	 to	 estimate	 a	 set	 of	 relevant	wind	 and	 climate	 conditions,	
external	 wind	 conditions	 and	 the	 relevant	 turbine	 site	 and	 hub	 height.	 For	 the	 research	
available	climate	observation	and	CFD	modelling	of	wind	conditions		made	by	WINDIE™.	
1.2. Megajoule	–	company	profile	
The	 goal	 of	 the	 project	 is	 to	 connect	 both	 industry	 and	 academic	 approach.	 The	
methodology	and	software	used	in	this	project	is	the	same	like	in	the	Megajoule	company.	
The	typical	industry	report	is	enriched	by	some	theoretical	knowledge.	
Founded	 in	 2004,	 MEGAJOULE	 is	 a	 privately	 owned	 Portuguese	 company,	 dedicated	 to	




measurement	 campaigns	 and	 project	 due-diligence.	 Acting	 globally,	MEGAJOULE	 provides	
not	only	wind	consultancy	but	also	advice	on	solar	energy	and	biomass	projects.			











The	 software	 used	 for	 preprocessing,	 calculations	 and	 postprocessing	 is	WINDIE™.	 It	 is	 a	
computational	fluid	dynamics	code	developed	by	the	group	of	researchers	from	the	Insituto	

























The	 area	 is	 topographically	 complexed.	 It	 is	 a	 mountainous	 terrain	 with	 sea	 in	 the	
neighbourhood.	 The	 complexity	 of	 the	 terrain	 makes	 that	 simulation	 of	 real	 wind	 flow	
challenging	and	typical	software	used	in	the	wind	energy	industry	could	give	different	results	
than	the	real	wind	flow.	The	altitude	of	reference	point	is	232m.	Because	land	cover	around	












will	 be	 analyzed.	Masts	 and	 turbines	 are	planned	 to	be	on	 the	 top	of	 the	mountains.	 The	
following	pictures	indicate	where	the	masts	(Tanger	1	and	Tanger	2)	and	turbines	(G1-G20)	
are	planned	to	be	installed.		The	Wind	Farm	is	divided	in	two	parts.	On	the	right	side	there	
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A	wind	 assessment	 campaign	 has	 been	 carried	 out	 for	 this	 site	with	 the	 installation	 since	
June	2011	to	June	2012.	Wind	data	series	and	information	about	masts	and	measurements	




























WINDIE™	 distinguishes	 from	 other	 CFD	 tools	 used	 in	 the	 industry	 because	 it	 takes	 into	
consideration	more	facts	that	other	software,	for	example:	
a) it	incorporates	forest	canopy	model	




Traditional	 CFD	 software	 in	 wind	 industry	 in	 most	 cases	 has	 an	 impact	 for	 results	
simplification.	Typically	the	wind	flow	is	 just	 injected	with	constant	direction	at	one	end	of	
the	computational	domain	and	has	some	theoretical	velocity	profile.	What	 is	 important	no	
wind	 is	 allowed	 to	 flow	 across	 the	 top	 or	 lateral	 domain	 boundaries.	 The	 result	 is	 wind	
pattern	which	rarely	occurs	in	real	conditions.	To	minimize	the	impact	of	these	simplification	









In	WINDIE™	 	 this	 simplification	 is	 removed	 and	 replaced	 by	 using	 three-dimensional	wind	
fields	obtained	be	mesoscale	simulations	over	a	large	area	around	the	wind	farm.	Because	of	
that,	 the	 effect	 of	 surrounding	 topography	 modelled	 by	 the	 WRF	 mesoscale	 model	 has	















































































two	 transport	 equations	 (PDEs).	 Two	 equation	 model	 means	 that	 it	 includes	 two	
extra	 transport	 equations	 to	 represent	 the	 turbulence	 properties	 of	 the	 flow.	 The	
first	 variable	 is	 turbulence	 kinetic	 energy	 ‘k’.	 It	 determines	 the	 energy	 in	 the	
turbulence.	The	second	variable	is	turbulent	dissipation	‘ε’.	It	determines	the	scale	of	
turbulence.	 Mostly,	 k-ε	 model	 should	 be	 used	 for	 free-shear	 layer	 flows	 with	
relatively	small	pressure	gradient.	The	model	gives	good	results	for	the	cases	where	
mean	pressure	gradients	are	small.	Accuracy	could	be	reduced	 for	 flows	containing	
large	 adverse	 pressure	 gradients.	 K-epsilon	 model	 might	 be	 an	 inappropriate	
turbulence	model	for	problems	such	as	inlets	and	compressors.	





















The	 turbulence	model	 used	 in	 calculations	 originates	 from	 the	WRF	modelling	 system	
(Weather	Research	and	Forecasting).	It	is	a	model	which	has	a	transport	equation	for	the	
turbulent	kinetic	energy	and	additional	expressions	(not	transport	equations)	to	calculate	
the	 production	 and	 dissipation	 of	 the	 turbulence	 kinetic	 energy	 as	 well	 as	 buyoancy	
terms	 if	 needed.	 The	 prognostic	 equation	 governing	 the	 evolution	 of	 the	 turbulent	
kinetic	energy	e	is:	
∂! µ!e + (∇ ∙ V!)! = µ!(shear production +  buoyancy +  dissipation ) 
The time integration and the transport terms in the above equation are integrated in the 
same manner as for other scalars. The right-hand side source and sink terms for e are 
given as follows. 
Shear	Production	
The	shear	production	term	can	be	written	as	






















	if	q! ≥ q!	or	q! ≥ 0.01 g/Kg;	

















latent	heat	of	 condensation	and	ϵ	is	 the	molecular	weight	of	water	over	 the	molecular	
weight	of	dry	air.	θ!	is	the	equivalent	potential	temperature	and	is	defined	as	


















































anomaly	with	 for	 example	 one	 very	windy	 year.	 For	 discussed	wind	 farm	 it	was	 11	 years	
period	(from	June	2001	to	June	2012).	
The	 MCP	 correlation	 is	 used	 to	 evaluate	 the	 integrity	 of	 data	 mutual	 connection.	 It	 is	
evaluated	by	examination	of	sectorwise	wind	speed	correlation	and	by	self-consistency	test.	
The	MPC	 correlation	 is	 applied	 to	 the	measurement	 period	 and	 compared	with	 collected	
data.	
The	MCP	correlation	is	based	on:	
a) sectorwise	 correlation	 of	 hourly	 average	 wind	 speed	 for	 twelve	 30°	 sectors	 for	
concurrent	site	and	reference	datasets;	
b) veer	 correction	 by	means	 of	 a	 veer	 correction	matrix	 between	 site	 and	 reference	
datasets;	
c) extrapolation	 of	 intended	 data	 periods	 from	 reference	 datasets	 by	 use	 of	 above	
transfer	functions	between	wind	speed	and	direction.	
The	results	of	 self-consistency	 test	could	be	shown	as	 the	 local	wind	rose	and	wind	speed	
frequency	histogram	for	the	correlated	data.	The	following	pictures	present	wind	rose	and	



















Independent	 Storm	Method.	 The	 sample	 of	 relevant	 independent	maxima	 is	 selected	 for	
each	data	series.	The	goal	of	the	sampling	is	to	find	maximum	values	in	7	days	time-window	
above	a	 given	 threshold.	 Such	a	 long	 time	window	 is	 used	 to	 avoid	dependence	 from	 the	
synoptic	event.	





























TAN1	 Jun11-Jun12	 23,2	 7	 10	 30,76	 2,42	




















TAN1	 Jun11-Jun12	 28,4	 7	 11	 43,95	 4,75	
TAN2	 Jun11-Jun12	 28,4	 7	 11	 43,95	 4,75	
4.4. Mesh	
A	proper	mesh	is	one	of	the	most	important	factors	which	has	influence	on	right	results.	
It	 is	observed	that	 in	a	square	of	dxn,	dyn	(in	the	middle)	there	 is	 larger	density	of	control	
volumes.	It	calls	high	resolution	area	where	control	volumes	have	dimensions	cofx	by	cofy.	

















































000 519,84 262411.5,	3964565.0 12700x12700 218 218 55 80 2
030 519,84 262411.5,	3964565.0 12700x12700 218 218 55 80 2
060 519,84 262411.5,	3964565.0 12700x12700 218 218 55 80 2
090 519,84 262411.5,	3964565.0 12700x12700 218 218 55 80 2
120 519,84 262411.5,	3964565.0 12700x12700 218 218 55 80 2
150 519,84 262411.5,	3964565.0 12700x12700 218 218 55 80 2
180 519,84 262411.5,	3964565.0 12700x12700 218 218 55 80 2
210 519,84 262411.5,	3964565.0 12700x12700 218 218 55 80 2
240 519,84 262411.5,	3964565.0 12700x12700 218 218 55 80 2
270 519,84 262411.5,	3964565.0 12700x12700 218 218 55 80 2
300 519,84 262411.5,	3964565.0 12700x12700 218 218 55 80 2




























cross-prediction	 error	 increased	 significantly.	 The	 error	 from	 the	 validation	 for	 tke	
turbulence	 model	 cannot	 be	 accepted.	 The	 following	 table	 shows	 modification	 of	 all	 the	
























From	 To	 Observed	 Estimated	 error_Windie	 TI_Measured	 TI_Estimated	 diff	TI	
20TAN1	 40TAN1	 9,30	 9,41	 1,20%	 7,69	 8,90	 1,21%	
40TAN1	 20TAN1	 9,10	 8,99	 -1,15%	 9,12	 7,87	 -1,25%	
20TAN1	 60TAN1	 9,27	 9,59	 3,44%	 7,36	 8,67	 1,31%	
60TAN1	 20TAN1	 9,10	 8,81	 -3,18%	 9,12	 7,74	 -1,38%	
40TAN1	 60TAN1	 9,27	 9,47	 2,18%	 7,36	 7,50	 0,14%	
60TAN1	 40TAN1	 9,10	 9,10	 -2,09%	 7,69	 7,56	 -0,13%	
		 		 		 		 Wind	speed	 		 		 diff	IT	
		 RMS	 		 		 2,37%	 		 		 1,06%	
		 BIAS	 		 		 0,40%	 		 		 -0,10%	












From	 To	 Observed	 Estimated	 error_Windie	 TI_Measured	 TI_Estimated	 diff	TI	
20TAN2	 40TAN2	 6,35	 6,71	 8,00%	 12,68	 13,91	 1,23%	
40TAN2	 20TAN2	 6,35	 6,35	 2,00%	 14,19	 12,84	 1,35%	
20TAN2	 60TAN2	 6,85	 6,94	 1,44%	 12,12	 13,64	 1,52%	
60TAN2	 20TAN2	 6,35	 6,28	 -1,16%	 14,19	 12,4	 -1,78%	
40TAN2	 60TAN2	 6,85	 6,93	 1,30%	 12,12	 12,45	 0,33%	
60TAN2	 40TAN2	 6,7	 6,62	 -1,24%	 12,68	 12,3	 -0,38%	
		 		 		 		 Wind	speed	 		 		 diff	IT	
		 RMS	 		 		 3,53%	 		 		 1,23%	
		 BIAS	 		 		 10,34%	 		 		 2,27%	






The	 turbulence	 intensity	 profile	 also	 show	 quite	 a	 good	 performance.	 The	 errors	 in	 both	
cases	are	about	1%.		
The	 following	 table	 shows	 the	 results	 for	 the	 horizontal	 cross-predictions.	 This	 test	 is	







From	 To	 Observed	 Estimated	 error_Windie	 TI_Measured	 TI_Estimated	 diff	TI	
60TAN1	 60TAN2	 6,85	 7,05	 2,88%	 12,12	 9,47	 -2,66%	
60TAN2	 60TAN1	 9,27	 8,61	 -7,09%	 7,36	 9,13	 1,77%	
		 		 		 		 Wind	speed	 		 		 diff	IT	
		 RMS	 		 		 3,12%	 		 		 1,30%	
		 BIAS	 		 		 -4,21%	 		 		 -0,89%	








The	RMS	errors	 are	 similar	 to	 pervious	 validations.	 In	 terms	of	wind	 speed	 the	 errors	 are	
2,88%	 and	 -7,09%	 what	 was	 the	 best	 result	 from	 all	 of	 the	 cases.	 Considering	 the	 cross	
prediction	between	two	masts	the	result	of	validation	is	very	good.	
4.8. Synthesis	with	local	wind	observations	
All	 of	 the	 quantities:	 long	 term	 wind	 distribution	 for	 each	 turbine	 site,	 wind	 frequencies	











The	 following	 picture	 shows	 the	map	 of	 average	wind	 speed	 distribution.	 The	 long-term-
adjustment	 average	wind	 speed	was	 calculated	 at	 hub	 height	 81m	 using	 Long-Term	 data	
synthesised	 from	 both	 masts.	 The	 values	 presented	 at	 the	 figure	 are	 after	 air-density	
correction.	
Clearly	 noticeable	 is	 the	 wind	 speed	 dependency	 of	 the	 altitude.	 The	 higher	 altitude	 the	
higher	wind	speed	distribution	can	be	seen.	That	is	why	all	the	turbines	are	planned	on	the	
top	of	the	mountains.	On	the	map	it	 is	clearly	visible	that	the	layout	of	the	turbines	is	well	





























height	81m	as	 input.	Please	note	 that	wind	velocities	used	 in	 the	Multi-Layers	maps	were	
corrected	in	terms	of	air	density	in	the	same	way	like	described	at	point	3.4	.	
Each	site	parameter	will	be	discussed	with	a	corresponding	Multi-Layer	map.	For	each	map	

































The	map	 for	 the	 shear	 factor	 shows	 that	most	 of	 the	 turbines	 are	 located	 at	 the	 low	 risk	
area.	There	is	one	exception,	the	position	of	the	turbine	G05.		The	predicted	shear	factor	is	





































mostly	 red-	 high	 risk	 areas.	 Better	 conditions	 are	 seen	 in	 the	 east	 of	 the	map	where	 the	
turbines	G14-G20	are	planned	to	be	installed.	Except	G20,	all	of	the	turbines	are	at	the	low	
risk	 area.	 	 It	 is	 suggested	 to	 consider	 IA	Wind	 Class	 turbines	 or	 do	 load	 study	 for	 chosen	
turbines	(IIA)	to	make	sure	that	turbines	would	be	installed	at	enough	safe	area.	
4.12. Site	Verification	results	







































X (East) Y (North) Z (altitude) [m]
G01 266213.0 3962988.0 400.0 G128 IEC 81.0 9.33 N/A 29.95 N/A 42.8
G02 266346.0 3963206.0 334.0 G128 IEC 81.0 8.03 N/A 26.20 N/A 37.4
G03 266485.0 3963423.0 334.5 G128 IEC 81.0 8.64 N/A 27.73 N/A 39.6
G04 266587.0 3963658.0 290.9 G128 IEC 81.0 8.27 N/A 26.82 N/A 38.3
G05 266332.0 3965442.0 339.5 G128 IEC 81.0 7.62 N/A 23.36 N/A 33.4
G06 265111.0 3964431.0 340.3 G128 IEC 81.0 9.50 N/A 30.16 N/A 43.1
G07 265183.0 3964678.0 350.0 G128 IEC 81.0 9.37 N/A 29.86 N/A 42.7
G08 265377.0 3964872.0 333.2 G128 IEC 81.0 8.98 N/A 28.95 N/A 41.4
G09 265494.0 3965103.0 336.6 G128 IEC 81.0 8.82 N/A 28.14 N/A 40.2
G10 265706.0 3965298.0 404.2 G128 IEC 81.0 9.37 N/A 29.02 N/A 41.5
G11 265738.0 3966043.0 448.5 G128 IEC 81.0 9.72 N/A 30.39 N/A 43.4
G12 265460.0 3966425.0 383.5 G128 IEC 81.0 9.06 N/A 28.18 N/A 40.3
G13 265423.0 3966679.0 375.0 G128 IEC 81.0 9.71 N/A 30.84 N/A 44.1
G14 258588.0 3963856.0 221.3 G128 IEC 81.0 10.42 N/A 33.85 N/A 48.4
G15 258729.0 3964080.0 236.7 G128 IEC 81.0 9.45 N/A 29.81 N/A 42.6
G16 258842.0 3964323.0 235.7 G128 IEC 81.0 10.08 N/A 32.84 N/A 46.9
G17 258793.0 3964584.0 262.4 G128 IEC 81.0 11.10 N/A 36.43 N/A 52.1
G18 257940.0 3964315.0 270.9 G128 IEC 81.0 11.16 N/A 36.18 N/A 51.7
G19 258052.0 3964750.0 264.4 G128 IEC 81.0 10.95 N/A 35.88 N/A 51.3
G20 258541.0 3965077.0 298.6 G128 IEC 81.0 12.00 N/A 39.20 N/A 56.0
Please fill in coordinate system and coordinates. 
Z (altitude) is the elevation above sea level of the 
turbine base.
Based on long term correlated 
measurement data / Air density corrected
coordinate system: WGS84 UTM29


















































































































































































































































αave [/] αmax [/] frequ. [%] αmin [/] frequ. [%] vertical frequ. [%] dir. gradient frequ. [%]
G01 10.70 1.81 N/A N/A 0.07 0.39 0.5 0.01 23.1 6.4 20.7 23.1 0.5
G02 9.13 1.64 N/A N/A 0.18 1.03 0.6 0.03 27.5 7.1 0.6 44.3 0.6
G03 9.85 1.69 N/A N/A 0.07 0.33 4.6 -0.01 18.4 7.1 0.8 25.6 1.2
G04 9.40 1.66 N/A N/A 0.10 0.40 0.6 0.03 24.9 12.6 0.6 18.2 12.9
G05 8.42 1.35 N/A N/A 0.27 0.91 15.3 0.05 1.7 5.9 19.7 13.9 8.2
G06 10.90 1.92 N/A N/A 0.07 0.35 0.6 0.03 14.8 6.2 5.3 6.7 0.5
G07 10.76 1.92 N/A N/A 0.08 0.37 0.6 0.03 4.1 2.9 4.1 10.1 0.6
G08 10.29 1.89 N/A N/A 0.12 0.66 0.6 0.05 4.2 4.2 4.2 22.7 0.6
G09 10.11 1.87 N/A N/A 0.17 1.26 0.6 0.03 23.2 7.9 0.5 24.5 0.5
G10 10.77 1.90 N/A N/A 0.17 0.50 13.0 0.03 15.8 6.3 21.9 14.5 18.4
G11 11.18 1.83 N/A N/A 0.07 0.14 0.5 0.03 1.4 7.3 14.2 11.5 9.4
G12 10.41 1.93 N/A N/A 0.17 0.45 2.6 0.08 16.9 3.1 0.8 10.1 21.0
G13 11.16 1.92 N/A N/A 0.09 0.30 3.1 -0.00 3.9 9.1 1.5 5.0 0.5
G14 11.86 1.74 N/A N/A 0.10 0.34 0.6 0.00 27.0 5.8 1.0 7.2 1.0
G15 10.81 1.94 N/A N/A 0.12 0.22 0.6 0.05 22.4 4.3 22.4 8.8 3.4
G16 11.52 1.88 N/A N/A 0.11 0.42 2.9 0.03 21.0 -2.8 2.9 14.2 0.5
G17 12.70 1.89 N/A N/A 0.06 0.25 3.4 0.01 17.5 4.2 17.5 9.0 11.9
G18 12.79 1.95 N/A N/A 0.04 0.21 0.6 0.01 27.5 3.8 0.6 8.2 3.3
G19 12.52 1.85 N/A N/A 0.09 0.42 1.4 0.02 26.2 3.5 14.5 12.0 0.6
G20 13.74 1.85 N/A N/A 0.09 0.18 15.6 -0.00 20.7 7.3 1.4 7.1 1.0
C (A) k k-w-































































































































































































































5 [m/s] 7 [m/s] 9 [m/s] 11 [m/s] 13 [m/s] 15 [m/s] 17 [m/s] 19 [m/s]
G01 2.00 1.155 17,0% 14.4% 13.3% 12.5% 11.4% 9.9% 9.3% 8.7%
G02 2.00 1.162 21.9% 19.5% 17.3% 14.3% 11.9% 9.6% 9.3% 9.3%
G03 2.00 1.162 19.2% 16.7% 15.7% 14.1% 12.2% 10.2% 9.1% 9.2%
G04 2.00 1.167 19.1% 16.5% 14.8% 12.5% 10.6% 9.6% 9.2% 8.9%
G05 5.02 1.162 49.1% 32.9% 19.4% 12.5% 11,0% 9.7% 9.8% 9.3%
G06 2.01 1.162 15,0% 12.1% 10.5% 10.4% 9.9% 9.3% 9.1% 8.9%
G07 2.01 1.161 14.9% 12.4% 11,0% 10.6% 10,0% 9,0% 8.8% 8.5%
G08 2.02 1.162 15.5% 13,0% 11.8% 11.2% 10.2% 9.2% 8.8% 8.5%
G09 2.02 1.162 16,0% 13,0% 12,0% 11.3% 10.5% 9.5% 9.5% 9.1%
G10 2.25 1.155 15.5% 12.4% 11.3% 10.9% 10.6% 10,0% 9.9% 9.7%
G11 3.69 1.150 16.1% 13.6% 12.6% 11.9% 11.2% 10.2% 9.6% 9.5%
G12 2.01 1.157 15.6% 13,0% 12.1% 11.5% 11,0% 10.6% 10.5% 10.1%
G13 2.01 1.158 14.8% 12.3% 11.2% 10.6% 10.3% 9.3% 9,0% 8.9%
G14 2.07 1.175 16.1% 13.9% 12.7% 11.9% 10.8% 8.8% 7.8% 6.8%
G15 2.07 1.173 14.9% 12.5% 11.1% 10.5% 9.5% 8.3% 8,0% 7.5%
G16 2.07 1.173 15.5% 12.6% 10.9% 10.4% 10.3% 9.6% 9,0% 8.8%
G17 2.07 1.170 13.7% 10.9% 9.1% 8.6% 8.3% 8.2% 7.8% 7.5%
G18 3.51 1.169 13.6% 10.5% 9,0% 8.4% 8.2% 7.8% 7.6% 7,0%
G19 3.51 1.170 14.5% 11.2% 9.8% 9.5% 9.1% 8.6% 8,0% 7.4%
G20 4.33 1.166 13.8% 10.8% 9.2% 8.5% 8.3% 8.2% 7.7% 7.4%
WEC
Representative or Characteristic Turbulence Intensity
according to >SIAS_SiteVerification-Requirements_Consultant...pdf< however in 2 m/s wind bins.
Distance
(RD)

























































From To kε	error tke	error kε	error tke	error
20TAN1 40TAN1 1,20% 1,74% 1,21% 0,07%
40TAN1 20TAN1 -1,15% -1,65% -1,25% 0,00%
20TAN1 60TAN1 3,44% 4,80% 1,31% 0,02%
60TAN1 20TAN1 -3,18% -4,21% -1,38% 0,23%
40TAN1 60TAN1 2,18% 2,86% 0,14% -0,08%
60TAN1 40TAN1 -2,09% -2,63% -0,13% 0,12%
RMS 2,37% 3,20% 1,06% 0,11%
TAN1,	vertical	cross-prediction
Wind	speed	[m/s] TI(V>5)	[%]
From To kε	error tke	error kε	error tke	error
20TAN1 40TAN1 0,08% 0,83% 1,23% -0,80%
40TAN1 20TAN1 0,02% -0,69% -1,35% 0,79%
20TAN1 60TAN1 1,44% -1,07% 1,52% -1,07%
60TAN1 20TAN1 -1,16% -1,36% -1,78% 1,02%
40TAN1 60TAN1 1,30% 0,86% 0,33% -0,27%
60TAN1 40TAN1 -1,24% -0,77% -0,38% 0,23%
RMS 1,05% 0,96% 1,23% 0,77%
TAN2,	vertical	cross-prediction
Wind	speed	[m/s] TI(V>5)	[%]
From To kε	error tke	error kε		error tke	error
60TAN1 60TAN2 2,88% 27,21% -2,66% -4,65%
60TAN2 60TAN1 -7,09% -14,67% 1,77% 3,36%























cross-predictions.	 Both	 presented	 good	 accuracy	 with	 RMS	 error	 of	 2,37%	 and	 3,53%	 for	
vertical	validations	respectively	 for	TAN1	and	TAN2	and	3,53%	for	horizontal	validation	for	
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